FEM analysis of a new miniplate: stress distribution on the plate, screws and the bone orthodontic miniplate's one end is fixed to the cortical bone and the other end has attachments to engage orthodontic auxiliaries.
Umemori et al, 11 and Jenner and Fitzpatrick 12 were the first ones to use maxillofacial bone plates for skeletal anchorage in orthodontics. Since then, mini-plate design variations have been introduced like MPI (Tasarımmed, Istanbul, Turkey), 10 Bollard Mini Plate(Surgitec, Bruges, Belgium), 13 Ctube miniplate (KLS Martin, Umkirch, Germany), 14 and Surgitec Zygoma Anchor Miniplate (Surgitec, Bruges, Belgium). 15 With the aid of miniplates, intrusion of single or groups of teeth, alignment of severe crowding, correction of severe Class II malocclusion, and management of anterior open bite have been accomplished succesfully. 10, 11, 14, 16 On the other hand, besides these successful case reports clinical studies regarding miniplates had reported high failure rates of 7 -8.6%. Inflammation around the neck and the forces effecting on the stability of the fixation screws are shown to be the reasons for these failures. 17, 18 Veziroglu et al 19 that, inadequate design and non-homogeneous force distribution along the anchorage system can cause stress directly effecting on the screws and may impair screw stability. They also added that, mobile plates can irritate the surrounding tissues and may be the reason for initiating or aggravating the inflammation around the neck of the miniplate piercing the oral mucosa. A design that prevents the stress acting nonhomogeneously on the fixation screws can be a solution to avoid mobilization of screws, and consequently inflammation that may arose due to mobilized screws.
With the use of three dimensional finite element method (FEM), load transfer of orthodontic forces from the screws to the bone and the stress distribution around these can be effectively evaluated. 17, 20, 21 Thus, the aims of this FEM study were to (1) design a new miniplate structure featuring spikes placed on the surface facing the cortical bone, referred as spiky miniplate, and (2) compare with the use of FEM the force distribution along the conventional miniplate-screw system and the newly designed spiky miniplates inserted to the cortical bone. 22 of the materials are given in Table 1 . Cortical bone thickness was assumed as 1.5 mm in the models. 23, 24 The screws used in the study had a diameter of 2 mm and a length of 5 mm. The dimensions of the miniplates are given at Figure 1a , b. The interface between the screw and the host bone was assumed to be fully bonded, consistent with screw-material interfaces. The spikes had a length of 0.7 mm and a base diameter of 0.6 mm and are assumed to be fully penetrated into the bone. The miniplate and cancellous bone were subtructed from the cortical plate using Boolean method. 25 This enabled the transfer of force in finite element analysis software. The models were fixed at the lower and lateral surfaces to keep fixation sites away from the experimental region.
MAtErIALs AND MEtHODs
Three different experimental designs were used. In all of the designs, 200 g force was applied at the same point to the miniplate towards the same direction ( Figure 1a ).
New spiky miniplates and the conventional plate tested in the study were modelled by using Rhinoceros 4.0 software. The three models obtained were as follows ( Figure 2 ):
1. Conventional miniplate design with two screw holes 2. Newly designed miniplate with four spikes with two screw holes 3. Newly designed miniplate with four spikes with single screw hole rEsuLts
The maximum stress values created on the miniplates and screws are given in Tables 2 and 3 and the data for bone are given in Table 4 .
Several terms had been used throughout the manuscript for the parts of the screws and spikes according to their localization. For the two-holed miniplates, the term 'near screw' has been used for the screw that is adjacent to the lever arm. The term 'far screw' was used for the distant screw. Similarly, for the spikes the terms 'near spikes' and 'far spikes' had been used.
MINIPLAtE
In all of the miniplates the most increased level of stresses were seen at the neck of the miniplates and the point where the force was applied (Table 2, Figure 3a -c). The maximum stress values for one-holed spiky miniplate were located around all of the spikes; whereas for the two-holed spiky Nalbantgil, Tozlu, Ozdemir, Oztoprak, Arun miniplate, they were located at the near spikes. The highest stress value recorded for the spikes was 43.58 MPa for the one-holed spiky miniplate. When the highest stress values around the screw holes were evaluated, similar stress values were observed (Table 3) .
scrEW
In all the screws, except the far screw of the two-holed spiky miniplate, the highest stress level was recorded at the neck (Figure 4) . The highest stress value was 13.32 MPa at the near screw of the two-holed conventional miniplate ( Table 2 , Figure 4a) . For the two holed spiky miniplate, almost no stress was observed at the far screw (Figure 4b ).
cOrtIcAL bONE
The data related to the cortical bone that is in contact with the fixation screws are given in Table  4 . The maximum stress recorded for the bone was around the near screw in the two-holed conventional miniplate (Figure 5a, 6a) .
For the two-holed spiky miniplate, the highest stress was found at the region where the near spikes entered the bone (Figure 5b, 6b) .
For the one-holed spiky miniplate, at the cortical bone level, the highest stress level was found at the region where the spikes entered the bone (Figure 5c, 6c) .
The maximum tension and compression stresses seen at the cortical bone around the near screw at the two-holed conventional miniplate were 1.51 and -1.34 MPa, respectively (Table 4) .
DIscussION
In the present study, two newly designed miniplates were tested with three-dimensional FEM. The biologic changes due to osseous loading could not be examined within this study. However, threedimensional FEM studies provide the following advantages for the researchers working orthodontic force systems. 19 1-Simulate oral structures in vitro 2-Simulate the orthodontic force system applied clinically 3-Analyze the response of the bone and the materials used 4-Several experimental designs can be simulated for numerous times keeping the properties of the materials unchanged 5-Newly designed appliances can be tested invitro and non-invasively before clinical use The three-dimensional FEM was preferred because of the advantages described above prior to clinical application. 200 g force that is usually used in clinical practice was applied to the miniplates. 26 As a control, a conventional miniplate that is routinely used in practice was chosen. The data for the new miniplates were compared with those of the conventional one. The results of this study revealed remarkable difference in the stress distribution at the cortical bone that is in contact with the fixation screws between the conventional and the newly designed miniplates. Also the fixation screws received almost half of the stress values for the new miniplates. These results support that biomechanical properties of the miniplates were remarkably improved.
When the two-holed spiky miniplate and twoholed conventional miniplate were compared, the highest tension and compression stress found at the cortical bone around the near screw at the new spiky miniplate was almost half of the conventional one ( Table 4) . As for the far screw of the spiky miniplate, there was almost no stress at the cortical bone. Similarly the stress level at the body of the screws also showed substantial decrease when spiky miniplate was used which had almost no stress at the far screw (Figure 4b ). Comparison of the one-and two-holed spiky miniplates revealed the same amount of tension and compression stresses of 0.63 and 0.65 MPa and -0.62 and -0.80 MPa, respectively (Table 4) .
When the one-holed spiky miniplate and twoholed conventional miniplate was compared, even though one-holed spiky miniplate had only one screw, the maximum stress around the screw was half of the conventional one (Table 4) . When the data for the screw material was compared, the single screw at the one-holed spiky miniplate was found to carry half of the stress of the near screw in the two holed conventional miniplate had (Table 2, Figure 4) .
The failures of miniplates can generally be attributed to two major reasons; stress directly affecting the screws and inflammation. 17, 18 Stability of the miniplates is directly affected by the stability of the fixation screws. Applied forces to the miniplates are transmitted to the screws which create stresses especially on the near screw that may impair the screw stability. 19 With the conventional plates, load of the orthodontic forces are directly transferred from the plate to screws, whereas with the new ones, spikes act as an barrier before the load reaches the screws.
Non-homogenous stress distribution on the fixation screws is not the only reason for the failures. The reason for the screw loosening is not clear, but Choi et al 17 reported that it might also be due to insertion technique, force level, force duration, patient's oral hygiene or thickness of cortical bones.
Haug et al 27 reported that the stability of the miniplates can be improved by increasing the number of the fixation screws. However, with respect to failure rates, no significant statistical difference was found between the plates with different number of screws. 17 As a result of the present FEM study, remarkably lower stresses on the fixation screws between the conventional miniplates and the new ones have been observed. These results should also be evaluated regarding failure rates. Also, in time, resorption can occur at the bone around the spikes, and the stresses around the screws may increase. In vivo studies are necessary to investigate possible histological changes to ensure the safety and the stability of the newly designed miniplates.
Cortical bone thickness is one of the major factors for the success rates of the miniscrews. In this study, an average of 1,5 mm cortical bone thickness was modeled. 21, 22 When the average thicknesses for the cortical bone was considered, a length of 0.7 mm for the spikes was estimated to be safe in order not to protrude from the cortical bone. If the cortical bone thickness is thin like in vertical-growing patients, then the success rates of miniscrews may be lower than for the average or horizontal-growing patients. 28 In the light of this knowledge it becomes obvious that maximum support from the cortical bone should be obtained. Spikes on the newly designed miniplates decrease the stress on the screws providing more homogeneous support from the cortical bone.
The major disadvantage of the miniplates is that they must be placed surgically. The advantage of one holed new miniplate is that it can be used with a smaller incision. If there is enough keratinized gingival height, one holed miniplate can be applied with the use of a punch to excise the soft tissue. Thus, the miniplate can be applied with very small surgery with no incision or sutures.
cONcLusION
This study reported the newly designed miniplates featuring spikes placed on the surface facing the cortical bone. The FEM study revealed that the new miniplates are highly efficient in reducing stress on the fixation screws. Clinical studies on the failure rates of new miniplates should be carried out.
rEFErENcEs
